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CIfAPTER I

INTRODUCTION

A. Discussion of the General Field of Study

~he flow behinds. body of revolution with'fins is of

practical importance in aeronautical and marine engineering.

Although the flow of real fluids over bodies of revolution and over

airfoils are well understood, the fluid motion over a body of

revolution equipped with fins cannot be predicted. In particular,

the effects of vlscosity on the flow at the intersectlon of a fin

and a cylinder (or even a flat plate) still awaits a theora'tical

explanation. It should be noted that this effect largely determines

the characteristics of the flow field in which, for instance, the

propulsor of an underwater vehicle operates- In such an application$

the designer requires an accurate knowledge of the inflow velocity

field to be able to establish the geometry of a propulsor capable of

developing the necessary thrust with a minimum level of unsteady

forces.

The solution to the above-mentioned problem can be obtai,ned

from the solution to its separate parts:

a) In the first stage, the properties of the flow near the

trailing edge of a body of revolution with fins must be

established experimentally and compared with predicted

values based on existing theories. This information will



reveal the true nature of the flow and the limitations

of the theoretical approaches-

b) In the second stage) detailed experimental and

theoretical studies of special flow problems must be made

in order to explain the discrepancies observedQ As an

example, the flow of a real fluid near the interseotion

of a strut and a flat plate must be studied 0

c) In the third stage, attempts must be made to control the

nature of the wake by practical or technically simple

means that can be used on existing vehicleso

Bo Statement of the Problem

The primary objectives of this thesis a.re those stated in

paragraph a) 0 In particular it was proposed to measure var-Lous

properties of the flow near the trailing edges of a slender body of

revolution with fins and to compare these measurements with

theoretically predicted values- In &ddltion, the effects of a

propeller on these observations was assessed- More precisely, the

experimental work included the follOWing measurementsi:

10 Circumferential and radial variations of mean velocity

and the associated harmonic content

20 Boundary-layer profiles

3 Q Circumferential and radial variat:lons of the random

velocity fluctuations

40 Auto= and cross-correlation functions of the random

velocity fluctuations

50 Spectral and cross-power spectral denai.td.ee of the random



3

velocity fluctuations

6. The detection and measurement of streamwise vortices

originating at the fin-and-body intersections

7. A preliminary assessment of the effects of blowing at the

fin-and-body intersections9

The theoretical work consisted of predictions of the

following quantities~

10 The velocity field for a streamlined body of revolution

without fins in a real fluid

2. The velocity field behind the fins

30 The interaction between body and fins.



CHAPTER II

SUMMARY OF THE INVESTIGATION

The flow near the trailing edge of a slender body of

revolution with fins has been investigated by means of three

different instruments: Pitot tubes, hot-wire anemometers, and a

vorticity meter. The measurements were made in an axial plane at a

distance from the leading edge of the model equivalent to 95 per

cent of the body length, i.e., in a region normally occupied by the

propulsorof a typical underwater vehicleo The mean-velocity

profiles as well as some statistical properties of the random

velocity fluctuations were established. In addition, the streamwise

vortices formed at the body=and-fin intersections were i.nvestigated.

The experiments were performed in a wind tunnel at a Reynolds number

of 5.5 x 106, based on body length.

The steady (mean) flow observed near the body showed little

circumferential and radial variations when the body, supported by a

single airfoil strut, had no aft fins. Figure 1 shows a typical

part of the circumferential distribution of mean veloci.ty, and

Fig. 2 shows corresponding harmonic components. When the four aft

fins were attached to the body, just upstream of the plane of the

measurements, the disturbances of the mean flow became more

pronounced, as shown in Fi.gs.l and 2.

It was clear from a comparison of calculated and measured
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mean-velocity profiles (Fig. 3) that the aft fins affect the flow

in two ways. At relatively large distances from the body axis, such

as at riD :=: 0,,35, sharp depreasf.ons i.n the velocity profile are

produced that agree with theoretical predictions- Near the

body-and-fin intersection, however, vortices were formed as shown

in Fig. 40 These vortices entrain fresh fluid into the immediate

neighborhood of the fins and displace sluggish fluid from the

boundary layer. As a result, large peaks and valleys were created

in the ve Loctty profiles (refer to curve for riD :=: 0.10 in Fi.go 3)0

Thus, Figs. 1 to 4 establish conclusively that the aft fins are the

major cause of the radial and circumferential fluctuations of the

mean velocity, which often produce strong oscillatory forces in the

pr-opu.Lsora,

Before concluding this investigation an attempt was made to

I1de-spin ll the corner vortices by blowing air through a pair of small

holes located near the leading edge of one of the fins (Fig. 5)·

The size and locati.on af the holes were arbi.trari.ly chosen;

therefare J the resulti.ng condi.tions are not to be cansi.dered

optimum. Nevertheless~ the vortici.ty probe (Fig. 6) indicated a

marked decrease in the streamwise rotation. The amplitUdes of the

mean velocity variations were also reduced, as shown in Fig. 7·

This method, thereforeJ appears to hold promise for the eventual

control of the velocity field in which propulsors operate, and

further investigati.ons--both theoretical and experimental--will be

made.

Measurements made with two constant-temperature ho·t-wire
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AIR BLOWN NORMAL TO FREE-STREAM

AT ANGLE cI> ~ 45 deg BETWEEN STRUT

AND PLATE

FLOW

.>

.>

Fig. 5 Location of Holes for Blowing Air to Reduce Intensity
of Vortex
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anemometers established a number of statistical properties of the

turbulent ve.Locf.ty fluctuations" Figure 8 shows a typlcal

circumferential distribution of the root-mean~square values" During

the tests, these values varled from a minimum of 3 per cent to a

maximum of 10 per cent. The power spectra corresponding to various

test conditions are shown in Fig. 9. The peak energy occurs at a

nondimenslonal frequency where the characteristi.c length is the

maximum diameter of the body. Finally, Figs. 10 to 13 show typical

atrtocor-re.Lat.Lon and cross-correlation functions y as well as

cr-oaa-pover- spectral dens1ties. These were cal.culated from magnetic

tape recordings made during the tests with the aid of special

analog-to=digital converters and high-speed digital computers. Most

of the measurements were made both with propeller oper-atrtng at its

design advance ratio and with no propeller.

The effects of a propeller are most notable 1n ,Figo 20 The

propeller creates a favorable pressure gradient, at a critical

position on the body thereby reducing the mean velocity fluctuations

as well as the intensity of the turbulent motions of the flowo

Figure which shows a r eductd.on in the harmonic cont.ent.,

illustrates some of the beneficial influences produced by the

propeller; hovever, it is di.fficult to distinguish the influences

produced by the induction effects from those resulting from

viscosityo
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CHAPTER III

EXPERIMENTAL STUDY

A. Discussion o~ Test Procedure and Aims

The experimental measurements were made in the wake o~ a

streamlined body o~ revolution with finso The body configuration

approxi.mated an 8~1 ellipsoid o~ revolution as shown in Fig" 14.

The main objective of the investigation was to obtain the

flow characteristics at the region of inflow to the propeller" The

measurements 'were made at various axial and radial locations as well

as circum~erential poai.tri.ona- Steady-st,ate components were obt.ai.ned

from which mean-veloci.ty distributions were obtained. Measurements

were also made o~ the root~mean-8quare (rms) values of the randomly

fluctuating ve.Loctty component s , This resulted t.n the determination

of the turbulence level of the flow ~ield9 Auto- and cross=

correlation ~unctions were calculated on the basi,s of measurements

tak.en at different polnts in the flow ~ield. Inherent in the

reduction of the cor-reLatdon data are several mathematical

technlques~ these consisted of perfonning Fourier Transforms to

obtai.n normalized power spectra and Fourier Analyses to obtain

harmonic contento The normalized power spectra were also obtained

dlrectly from the measurements by recording the signals from the

measuring device on magnetic tape and playing them back through a

wave analyzer and integrator 0
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The tests were conducted in the 48=inch diameter J 16-foot

long octagonal test section of the wind tunnel at the Garfield

Thomas Water TunnelJ Ordnance Research LaboratorY$ at The

Pennsylvania state Universityo For this investigation, the air

speed in the tunnel was maintained at approximately 100 fpso A

detailed description of this closed-circuit tunnel wIDll be found in

Reference 10

To maintain a complete but efficient test programJ the

position variables were kept at a minimum. The measurements were

made at a constant axial location, between the control surface

trailing edge and the propeller leading edge 0 The radial positions

were varied outward from the body while circumferential traverses

were made completely around the bodyo

To present the results in as general a manner as possible»

certain constants were chosen by which the variable quantities

were nondimensionalized· Thus, linear dimensions were non

dimensionalized with respect to body length» bodY diameter, or

displacement thicknesso Velocity measurements were normalized wi.th

respect to the free=stream value or some other characteristic

parameter, such as the mean velocity in the boundary layer.

The primary independent variables were the radial and

circumferenti,al positions around the body. The radial positions

chosen were at values for rln of 0010, 0.17, 0024, and 0035;

where r 1s the normal distance from the body axis to the point of

interest and D is the maximum body diameter. The circumferential

traverses were performed completely around the body for each value



of riD.

The measurements were performed without the propeller and

then repeated after the propeller was added; thus, any difference

in the measurements was due solely to the presence of the propeller.

Figure 15 shows the radial positions of the measurements and

the coordinate system chosen to describe the circumferential

traverses. All measurements were performed with a constant

temperature hot-wire anemometer and checked against a pitot~static

probe that was used as a reference· The hot=wire=anemometer

equi.pmerrt and l,t,s use are described in a later section. The

repeatability of the data Was within 3 to 5 per cent from day to day

and from week to week.

The model 1s approximated by an 8~1 ellipsoid of revolution

with flus (Figo 14). The model was supported Ln the tunnel by the

large fin at the forward part of the body rather than st:lng=mounted

to eliminate any vibrations that would occur as a result of

canti.levered mounting.

Referring to Fig. 15, the lower strut was designated zero

angle; pos:ltive angles were those measured counterclockwise when

viewed upstream. The other fins were located on the aft part of the

body and spaced equid:tstantlyo The profile of all struts, fore and

aft, was an NACA-OOI5 airfo:tl section-

To eliminate any effects produced by tunnel-wall interference,

a "liner u was used in the test sectiono The resulting inner contour

in the test section was determined by a potential flow solution for

the body ~~d approximated a stream surface 0 This procedure is
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Fig. 15 Radial- and Circumferential-Probe Locations and
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necessary when the ratio of body to test-section diameter becomes

greater than 1~6o (In this case the ratio is about 1 ~3)" As a

result of this modification j the flow field in the tunnel was almost

axisymmetric 0

Two hot-wire probes were used for the velocity measurements"

One probe was placed at a constant axial position along the body and

at a constant angular position between two control surfaces. This

probe was moved only in a radial direction. The second probe was

at the same axial station,? but its position was varied in both the

radial and circumferential directions- This probe J referred to as

the "movab.Le " probe, was mounted on a traversing mechanism attached

to the external surface of 'the tunnel wall.

The moveable probe was mounted on a snrut that, in turn,? was

mounted on a platform" The platform was mounted on bars that passed

completely through the tunnel such that it could slid.e along the

bars to various positions behind the body. The strut could be

rotated by an external control. Thus, the second probe could be

fixed at a radial position and rotated to make the required

circumferential measurementso

The signals from the probes were recorded simultaneously on

magnetic tape o These signals were later played back and re-recorded.

for a computer that introduced the proper ti.me lags so that

correlation functions could be obtained 0

The testing procedure was the same both with and without the

propeller installed on the model" During tests with the propeller

in place, all measurements were made at its design advance ratioo
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For these tests the moveable probe was modi.fied so that measurements

could be made at the inflow region. The probe holder was extended

so that the probe was in a vertical position in front of the

propeller instead of horizontal0 This new orientation of the probe

did not affect the ability of the wire to sense axial velocity,

'because it will respond only to fluctuations normal to its own axis 0

The position of the extension device was such that it did not

interfere with the operation of the propeller or disturb the flow

fieldo

B. Test Equipment

The primary piece of test equipment was a constant

temperature hot-wire anemometer designed by Kovasznay and

constructed at the Johns Hopkins University~(2,3)

Briefly~ the hot-wire anemometer is used to measure random

velocity fluctuations by producing a voltage that is proportj,onal to

velocity. The wire (usually O.00015-ino-dia tungsten) is placed in

a resistance bridge and bridge balance is maintained by closing the

feedback loop with a d..,c amplifier. The air flowl.ng over the wi,ra

cools it, thus changing its resistance and unbalancing the bridge 0

The unbalance produced by the air flow is recorded as a fluctuating

voltage about some predetermined mean·

The physical law that describes the phenomenon of heat loss

from the wire is assumed to follow Klnggs law:

1-1 ==6T(AVLT +C)

where H the heat loss of the wire, 6.T the difference between the

temperature of the unheated wire and the actual operating
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temperature of the wire, U the air-flow velocity, and A and C are

constants that are determined by calibration~ In the eqUilibrium

stage of operation, this heat loss is equal to the electrical power

input 0

The appropriate nonlinear circuit to invert King~s law

consists of two squaring circuits and an adjustable bias. The

circuit device, called a Itlinearizer," converts the output of the

hot-wire anemometer into a voltage that is proportional to velocityo

The amplifier and linearizer are shown in Fig. 16.

Figure 17 is a block diagram of the amplifier and linearizer

with the peripheral equipment used for recording data. Table I

lists this equipment 0

Appendix I outlines a method for checking the response of

the hot-wire anemometer and comparing this response with that of a

pitot-static probe.

C. Method for Obtaining and Presenting Test Results

The testing procedure is described here in detail to show the

evolution of the work.

1. Body with fins and without propeller

a. Mean=velocity distribution

b. Root-mean-square velocity distribution

c. Boundary-layer profiles

2. Body with fins and propeller

a. Mean-velocity distribution

b. Root-mean-square velocity distribution

c. Boundary-layer profiles
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d. Boundary-layer profiles at x/L = 0-99

Unless otherwise noted" the velocity distributions were made at

radial positions of riD equal to OolOp 0 0 17, 0024p and 0.35; all

circumferential measurements were made for e between 0 and 360 deg;

all axial positions remained constant at xjL = 0.95; and the

boundary-layer profiles were made at xjL ::s 0·95 and e ~ 4,5 deg"

The output signal from the hot-wire anemometer was fed into

a d-c voltmeter, which recorded the mean value of the fluctuations.

Thi.s voltage was compared with the voltage found for the free-stream

velocity from calibration test runso Thus, at the particular point

in question, the ratio of U local to Uoo was obtained.

The fluctuating component was recorded on a true :runs·vo::l:tmeter.

When this voltage was compared with the free=stream value, the

turbulence level, or rms value, was obtained. Figures 18 and 19 .are

t~~ical of the graphical presentation made of these resultso The

complete graphical description of the flow field for each test

condd td.on i.s given in Appendix IIIo

The boundary-layer profiles were obtained in the same manner

as the wake profiles, except that the angle of traverse was kept

const.arrt and the radial position was varied 0 A typical profile of

mean velocity vs distance from the body is shown in Figo 200

The boundary-layer characteristics at some axial station

are based on the di.splacement and momentum thicknesses rather than

just the boundary-layer thickness.(4) This allows for more

meaningful results to be concluded from a partiCUlar investigatioD0

The displacement, thi.ckness, defined as the decrease in volume
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flow resulting from the influence of friction9 is given by
y:=.~

~" =)(1- ~co) dy
Y=-o

where the boundary-layer profile is integrated from the body surface

to the free-stream.

The momentum thickness, which represents the loss of

momentum in the boundary layer, is given as

y::~

?) =fu (1- Ci ) dy
Uco Ucoy=o

These quantities define the shape factor H == b/73 J which

describes the boundary-layer profile at any point along the bodyo A

more detailed discussion regarding the actual ca1culations~ as well

as the values of ~'* and 1) J) can be found in Appendix IIo

D· Data=Reductlon Techniques

An oscilloscope and a Panoramic Sonic Analyzer were employed

as visual aIds for detecting turbulenceQ The analyzer displays the

energy level versus frequency at a particular instanto This

analyzer does not give a true power spectrum; i.t simply indicates

regions of high energy concentrations that should be more fully

investigatedo

The normalized power spectrum was obtained by passing the

hot-wire signal through a wave analyzer and integrating it for

approximately 30 sec. Figure 21 is a comparison of this power

spectrum with that obtained by performing a Fourier transform of the
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autocorrelation function shown in Figo 10. This last method

represents a mathematical technique for obtaining the normalized

power spectra and shows the results of this method to be in

agreement with those obtained by direct measurement.

This normalized curve is shown (dotted) in Fig. 21. Note

that the abscissa ln this figure has been normalized with respect to

t.he d:tsplacement thickness and free-stream veloc.ity. This has 'been

done to make the results compatible with the work of other

investigators. (5),(6)

The cross-power spectral density was obtained in a manner

analogous to the foregoing except that the cross-correlation rather

than the autocorrelation function is used. Figure 11 shows a

typical cross=correlation function related to the autocorrelation

function of Figo 100

Figures 12 and 13 are the cross-power spectral densities of

the real and imaginary parts$ respectively, of Fig. 110 From each

of the figures showing the power spectrum, i.t is seen that, as the

frequency ~ g~;!Uoo increases, the available energy approaches zeroo

Thi.s is expected since only a finite amount of energy is available

in the flow fieldo

The cross-power spectral densities associ.ated with specj,fi,c

points in the f'Low-f'Le.ld are shown in Appendix III together wlt,h the

corresponding cross-correlation functions.

Of vi.tal interest to the propeller designer is the harmonic

corrterrt of the flow f'Le.Ld , As an illustration of the harmonic

content, consider Figo 22g this shows a large amplitude at the
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fourth harmonic, which is produced by the fins.

Figure 23 is a similar analysis for the body with only the

forward supporting strut 0 As expectedJ there is no real predominant

harmonic, even close to the bodyo The differences between the two

figures is due solely to the effects of the afterbody struts 0

These graphs of harmonic content were obtai.ned by performing

a Fourier Analysis on the wake velocity profiles for various val~es

of riD. (These profiles are shown completely in Appendix III~) A

typical velocity profile is shown in Fig. 180

Numerically integrating such functions yielded the

coefficients A and B. The quality of the curve fit is determinedn n

by how well it approximates the original funct:ton. This, in turnJ

determines the number of coefficients necessary. In obtaining

Figs. 2, 22, and 23 ten coefficients were chosen with

As mentioned earlier, two hot~wire probes were used so that

two signals could be recorded simultaneously. This was done to

obtain data for the auto- and cross=correlation functions associated

with the flow field.

The stationary probe was used as the reference and was

located between two fins at an angular position e =: 45 deg. The

axial and radial position of both probes remained constant for this

test at O.95L and O.17D respectivelyo With the stationary probe in

its positionJ the movable probe was traversed around the body. At

selected Locatd.ons of 6 e , the angle between the two probes,
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the signals from the wires were recorded on the magnetic tape

recorder (CEe, Type GR 2800).

This method was used to obtain data for both the bare-body

configuration and for the body equipped with propeller.

Time lags were introduced by the computer by displacing the

data during the computing process· To be able to use the available

computer facilities for the actual correlation, the data had to be

converted to digital form. This meant that each output signal (in

volts) was transformed into an integral number corresponding to its

magnitude. The correlations were then performed with these numbers~

Typical correlation functions are shown in Figs. 10 and 11.

Mathematically, the auto-correlation function is defined by

T

= Lim _IJUi(t") U~(*+L) dt
T--70::> T

-T
where Ui. ()::) is the signal from either probe representing the

velocity fluctuations measured by that probe. Note that, Ln general,

the correlation may be represented by

where Xl' ~, and x3 are the displacements along the coordinate

axes· Here, only X3;1~~ is considered. (x3 denotes the

circumferential direction, ~ the radial, and Xl the axial)~

Thus, from the above, the autocorrelation function can be

obtained for each probe at any location-



In general, the cross~correlationfunction is' defined by

where U). (A;) and U-j C~) denote the fluctuating ve.locities

measured by the probes o

To normal.f.ze the correlati.on f'unctd.ons , let the auto-

correlation for zero time lag of the movable probe be denoted by

and that for the reference probe by R(y y)o Then,

since the functi.on is even, the limits of i.ntegration can be changed

to 0 and T with the value of the integral doubled.

R =. L im T2 f;Ofd;t
(Xx)o 1"-7co

o

and

Therefore,

)

and

R = Rxx
(XX)n R(XX)o

Further denote the autocorrelation of the movable probe as R. XX

and that of the stationary probe as R yy' Then, the normal.f.zed

autocorrelati.ons become ~ T

~~:, ~JUIU:)l1IU:+r)d*
o



R - Ry y
(YY)n - R

(YY)o

Lim T2 f~(l) u2U:+r)di
= T~a:> 0

Lim £ f~ (*)2dt
T~Q:) T 2

o

For the cross-correlation of the movable probe relative to

the reference probe, denote the functions as RXY for r >0 and

RyX for?: < 0"

Using the previous notation for the autocorrelation at

z:=0, the normalized functions are given by

Rxy

( R ) '12 ( ) '/2
(X X)o p(Y y)o

- . ~Lim T2 f: (f)2 dtf]'/2 LLi rn ~J:J"{;tlclt~'/2
T~co I T~co T 2

o 0

and
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The cross-correlation functions in their normalized form are shown

in Appendix III for various values of x3'

E. Description of Procedure and Equipment for Obtaining Correlation
Functions by Computer Methods

The computer utilized was the DDP-19 made by Computer Control

Corp. It is a solid-state, binary, parallel, 19-bit-word,

single-address,? general-purpose computer. The memory is random

access with a magnetic core storage of 4096 words. The machine

access time is 3 microseconds and it is capable of 1003000 additions

per secondo The input=output features include~

60-character=per=second paper-tape punch

300=character-per=second photoelectric paper-tape reader

15-character=per-second typewriter

300-line-per-minute printer.

The system contains two magnetic-tape recorders~ one is a

direct-recording j IO-channel, 20-inch-per-second unit with a packing

density of 333 bits per inch; the other is a 75-inch-per-second

unit with packing densities of 200 and 556 bits per inch. This tape

system is compat:1.ble with the IBM 729 Mod II magnetic-tape unit.

Also included in the input-output features are a

200-increment-per-second plotter, three digital-to-analog conversion

channels, and a fast serial input line for in=lab testing of

experimental systems.

This computer has one built-in index register of 12 bits and

an interrupt feature for priority control.

The original signal consisted of the hot-wire output and was



recorded on magnetd.c tape in analog form. These recordings

represent velocity fluctuations as seen by the wire and were

proportional to some voltage.

The tapes were then processed to obtain a frequency analysis

of the signal. These analyses give an indication of the size and

concentration of the energy content. A typical analysis can be seen

in Figo 24. Figure 25 shows the same spectrum but from wide-band

frequency considerations 0 Once these tapes were so analyzed, it was

necessary to convert the si.gnal to digital formo Because of the

d:lg:ttizing equipment involved, the original tapes had to be

re~recorded to filter out any signal above 1. kc. This was done by

using two sets of Spencer-Kennedy Laboratories Inc.~ variable=

frequency electronic filters, Model Noo 302, and resulted in the

si.gnal shown in Fig 260 This figure is a wide-band analysis

similar to Fig. 250 The rejection rate was found to be of the order

of 50dB per octave from 1 kc to 2·kc.

Now that the signals were revised a bf.as voltage was applied

in order to bring the level of the signal to a range from 0 to 10

volts d~c. This alteration was again necessitated by the electron:l.c

e~lipment used for digitizingo

With the voltage now in this r-ange, the signal was di.gitiz,ed

so that each sample voltage corresponded to an integer between 1 and

1270 This is the range .used by the computer for the calculations by

binary methods . The dig:l.tized input signal 'Was sampled at a rate of

303 kc. This corresponds to a piece of data 1500 'Words long 0 (One

word is a seven-digit number representing voltage as described
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above o) In the actual sampling, there is a delay of 300

microseconds between words so that the sample taken amounted to

0 0450 sec of actual data. It was subsequently found that this

sample size was insufficient to give repeatable resultso A method

was used whereby the sampled data represented 2.5 sec of actual data,

which was sufficient to give repeatable results-

The data from the wires was recorded on two channels of the

CEC-GR2800, seven-channel tape recorder.

Figure 27 is a sample of the data in digitized form. Each

jump on the curve represents one wordo When calculating

autocorrelation functions, the signals are moved relative to

themselves and relat:i.ve to each other in the case of cross-

correlation=function calculations. Schematically, the relative

displacements can be shown as follows~

11500 words = wire 1/

- t --k-- K--->-11500 words - wire 11~-~
for the autocorrelation, and

)1500 'Words - wire 11
= t 0III!l''tl\7'--~~~- K~ 1500 words - wire 211-----"""'

for the cross-correlation.

+ t

+ t

K is the increment by which the data are displaced by the

computer when performing the correlati.on-function calculations 0 It

is the delay time of 300 microseconds between sample words J and is

an integer ranging from zero to N=~ax=15000 As seen in Fig. 10,
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the correlation function approaches zero as K approaches lOOJ which

corresponds to a time over which the signals are correlated of

approximately 30 millisecondso

The preceding equations for the required correlations did not

include the bias necessary to raise the signal level; therefore, it

was removed by subtraction when the correlation functions were

computed. This was accomplished by averaging the sample words and

subtracting this average from each word. Once the words were so

reduced,9 the actual calculations were performed.

For any given time delay, K = O,l,o.oN, certain words from

one channel line up with words from the other channel (see

schematic). These combinations were then multiplied and the result

divided by the number of words used, N-K.
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CHAPTER IV

THEORETICAL CONSIDERATIONS .AND DISCUSSION

Ao Character of the Solution

The theoretical approach to the problem is based on the

solution to the boundary~layer equations for an axisymmetric body of

revolution as given by Truckenbrodt.(4)

The character of the solution is such that only two

quantities need be s:pecified~ the ideal potential flow over the

original body and the Reynolds number Lb£ based on body length0

1>
With only these quantities J the flow field can be obtained for the

body under considerationo This flow field will be composed of a

laminar portion to transition, transition to turbulent flow and,

finally, the turbulent region"

The solution for the laminar portion up to the transition

point is based on the method due to Von K~~n and Pohlhauseno This

solution applies to two~dimensional boundary layers and is used with

Truckenbrodt's method in the laminar region o According to

Truckenbrodt, the necessary quantities preceding transition are

based on the solution for the two-dimensional flat plate. His

solution applies these values to the turbulent boundary layer on the

axisymmetric body of revolution. This completes the solution for

the body without fi-na.

The fins were added, and the solution was modified to account



for their preaence , The effects of the f'Lna on the flow were

determined with the aid of Reference 7, and the resulti.ng flow into

the propeller was found.

B. Truckenbrodt1a Method

Truckenbrodt's method consists in using the energy integral

equatlon to calculate the momentum thickness rather than the more

familiar momentum integral- The basic assumption in this theory is

that the velocity profile in the boundary layer obeys a power law of

the form

u -1..1-) Vn
U '-\g (1)

The bas:Lc equation for the distribution of the momentum thickness

along the body as a result of the energy integral equationJ

has the form

~

=2~~~rdJ
o

) (la)

'8(1.)
}.
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where

C;)

is a constant that takes into account the laminar portion of the

boundary layer up to the transition point Xlii Here]) 1 is the

factor by which linear quantities are made di.mensionlesso

The symbol Cf in equation 2 denotes the coefficient of ski.n

friction of a flat plate at zero angle of attack in turbulent flow

at a Reyn o·lds numbe.. r RlfJ _- U~ 1 XI f)~ v from transition to £

The symbol Cf1 in equation 3 is the coefficient of skin friction

fromof a flat plate in laminar flow at a Reynolds number

the nose to the transition point X;t IJ. 0

The quantity U. / Ueo that appears in both equations is the

ideal potential velocity distribution for the body. (Thi,s is

assumed known from Fig. 28). In equation 2, 1 is actually a

measure along the body curvature rather than along the axis. For

convenience, the measure of curvature has been changed to 5 ; X/~

represents the axial position. Also, R/1. is the radius of a

croes- section taken normal. to the axis at the position X/i
In the above e quata.one , the constant n has been empirically

determi.ned and is given as 6 for turbulent flow at a large Reynolds

number. In this case Ri - 5 0 5Xl 06, based on body length.

The remaining quantity to be determined is the vari.ation of

the shape factor L(5) or H(5) . This 'Will then give the
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required displacement thickness ~N , since H:= 8*/ 1) The

shape factor L is determined by

and H is given by Figo 29 once the value for L is known.

In equation 4, the subscript n I It refers to values at the

transitiOD point. The symbol f is essentially a variable of

integration that is given by

f =
)

where n ::= 6 and In is assumed to be 40 NOTE~ at transition,

f~ := (C! ~) rn

Once the values at transition have been determined,9 as shown

below, the momentum thickness is found from e~lations 2 and 3·

The Reynolds number based on momentum thickness can now be

found~

(6)
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so that the quantity b(F) can be obtained for equation 4 as

Thus, Lt...S) is known and H (S ) i.s found; therefore 3 g"*(S)

is specifiedo

I IDetermination of the Transition Point=-Method of Von Karman and
Pohlhausen for the Laminar-Flow Region

The problem remai.ns to find those quantities associated with

the laminar flow regime and the determination of the transition

point Xiii or S:t-" The original body conf:tguration is

established which results i.n the parameters XIJ and Yo /J .
The potential. flow solution is found using A. M. O~ Smithas method

for the exact solution of the Neumann Problem. (8) BrieflYJ the

method involves the numerical solution of a surface source

distribution that is assumed constant over fini.te segments of the

body. The coordi.nates are changed from axial to meridional 'by

simple triangulation. Thus J

(8)

Now, knowing the relationship between U / Uco and 5 J the Reynolds

number J based on momentum thickness, can be found as follows~ .



Following Pohlhausen's method, use is made of several shape factors

such as

1j2 d U
K= 1) d X-

~2 dUA=-
V dx )

(10)

(11)

and the already familiar shape factor, H= 8*/13 In t,he

above, g is the actual boundary-layer thickness 0 It will be seen

how each of these shape factors aids in finding the transition

point.

The shape factors, K and~, can be more conveniently

written with the aid of equation 9 and the body Reynolds number ,

Thus,

K= R: _I I
U Rj (BJ2

d(&J
ds

(12)
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It has been found that K and A satisfy the universal relation

K= (a -to bA +clffA

where Q., , b , and C are constants whose values are given in

Appendix II. The shape factor H can also be written in terms of

KandA~

£~ d+eA
H=-T =0 (K/Ii )'/2 -.6H ) (14)

where» again, d and e are constants and are also given in

Appendix IIo The term l:J, H is an empirical factor relating the

change inH across the transition region, since K and~ apply only

for the laminar portion. Here j ~ H was chosen of the order of 1" 2.

The necessity for the above development is to find the

relationship of A and $W in terms of S ?J the arc length measured

from the forward stagnation point. Associated with the flow

downstream from the forward stagnation poi-nt is the ability of the

boundary layer to remain stable and not to become turbulent. The

limit of stability is the point at which the boundary layer changes

from the stable laminar one to the unstable turbulant one. The

Reynolds number associated with the limit of stability is known as

the "crit1.cal" Reynolds number. As long as the local Reynolds number

Urn g~1) remains less than the critical. one (U "l ~*/1))c rit s

the boundary layer remai.ns stable 0
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As the flow proceeds downstream, the rate of pressure

decrease becomes smaller and, consequently, is followed by an

increase in pressure that is due to the adverse pressure gradient 0

Thus, at some downstream position, Urn g~/V increases to the

local limit of stability (UI'l'l g/ V )c rit; and the boundary

layer becomes unstable 0 The position associated with this change is

the transition point; it is defined as

X= A't- J
or

s= S.t

for U/ll ~. =(-Um ~~)
1) i) cri+

Certain empirical findings permit the determination of the

transitioD point wi·th relati.ve ease-

Figure .30 shows the variation of A with (Urn h*/vtri+
which then gives the variation of 5 with (Utn £* Iv)cri +
si.nce 5 VB 11 is known :from equation 11. From equation 9, R~ VB

S is known, which is just the value of the local Reynolds number

since

(16)

Thus, Fig. 31 is obtained, which shows U~iv) (lJ g*/v)c I'it

vs 5 0 By the definition given in equation 15J the transition point

is located at the intersection of these two curves- The

displacement thiCknessg~ and momentum thickness 1) are found as

functions of 5 for the laminar region simply as
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and

Therefore s all necessary ltems per-t.ar.nt.ng to t,he laminar flow f'Le Ld,

up to and including the transition poa.nt , are now known. 'rhusj/ the

calculations for the t,urbulent fi,eld may now be carried out wi.th the

above knowledge. The values at translt:Lon necessary for the

remaining calculati.ons are given Ln Appendix II.

The actual locatlon of. the transition pointj) as seen in

Fig. 31J agrees with data presented in Reference 1+ for work done on

an 8'~:1 eLl.Lpsot.d of revo1.ut,i.on.

Do Techn:Lque for Fi,nd:ing the Displacement Thlckness

The process of find:i.ng the displacement thickness,

approximation to the body involves the use of equations 2 through 8

in a process of i teratioD.o Th.is procedure was carried out unta.L the

. values fo;c S* on the (n+l] th appr-oxtmata.on were withln 5 per cent

th
of those f ound for the n Case 0 The values used for the lami.n,ar

por-tLon and the tra:nsit:ion region 'Were those found after 'the fi,rst

approximation since changes in these quantitles are negli.gible o At

the rear :tt took four appr-oxfmatd.ons (n+1:;5) to sati,sfy the above

criterion. The final values chosen for S~ J and the other

quantd.td.es assocf.at.ed with the boundary layer» are compared wi,th the

ori.gi.na.l body coordinates i,n Appendix IIo
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E- Addition of Fins to the Body

After the solution for the bare=body configuration had been

obtained, the fins were added. Reference 7 is an experimental

compilation of data for the wake profiles of struts in a streaming

flow- With the inflow velocity at the strut leading edge known, the

characteristic parameters associated 'with the strut wake can be foundo

The control=surface proflles are NACA 0015 symmetrical

airfoils whose profile drag coefficient Cdo was obtained with the

aid of Reference 9 0 With this knowledge, the wake depth and breadth

of influence was determined (Fig- 32)0

The inflow ve.Locf.by to a fin was found from the boundary-layer

prof'f.Le at the Leadd.ng edge (Figo 2-,3, Appendi.x 11)0 Thi,s velocity

represents the actual free~stream velocity seen by the fino The

wake profiles were obtiat.ned at the cor-reapond.t.ng radial distances

used in the e~perimental measurementso Thus, at a particular value

of riD, the prof:i.le 18 determ:i.ned as a functlon of the

ci.rcumferenti.al. df.st.anee e 0 A plot of the profi.les thus obt.ai.ned

are shown in Flg. 3· Th1..s figure compares 'these proflles with the

measured ones .

F. The Vortex Effect

Flgllre 3 shows the close agreement between the predicted

wakes and the measured wakes far from the body--such as ax

riD :::;:; 0035 0 Hovever, at riD;;:;:; OolOJl which Ls close to 'the

fi.n-and=body intersectionJ the agreement is less than anticipated

because of the presence of corner vortlces shed by the fln near lts

r oot. Th:i.s vortex effect is the only flow condd.tn.on that had not
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been accounted for in the use of the boundary~layer equationso

SUbsequent testing has shown the presence of the vorti.ci,ty

and its relati.ve strength. Fi.gure 4 shows a vortex located on each

si.de of a fin. The vortex was measured wi.th the aid of a vortici'ty

meter (Fig. 6) developed by' Dro B- W- McCormick~ Jro of the

Department of Aeronautical Engineering» The Pennsylvania state

Universityo This device was employed as a means of establisrd.ng the

presence of the streamwise component of vortici.ty. Figure 4 shows

the relative strength of the vortex before any attempts were made to

eliminate ito If the vortex could be eliminated, the propeller

would then be subjected to a uniform distribution of mean velocity

at any value of riD and for all values of 8 (Fig. 7)0 In this

sttuat.Lon, the effects of the unsteady forces would be favorably

reduced-

Efforts made to reduce the strength of the vortex included

a technique whereby compressed air was forced out of holes made at

the fin-and-body intersection (Fig o 5). Figure 7 shows the effects

on the wake resulting from an air pressure of 5 psi.o This method,?

thenj) appears to be a possible means of eliminating from the wake

certain characteristics that can result in the undesirable operation

of a propulsor o



CHAPTER V

CONCLUSIONS BASED ON EXPERIMENTAL STUDIES

Ao Effects of the Propeller

The results of the circumferential wake distributions~ shown

graphically in Appendix IIIJare summarized in Table II.

TABLE II

COMPARISONS OF RESULTS OF MEAN AND RMS VELOCITY BETWEEN
MODEL CONFIGURATIONS AT VARIOUS VALUES OF riD ..

riD Mean Velocity Ratio, u/Uoo EMS Velocity Ratios ul/Um

Bare Body W:Lth Prop Bare Body With Prop

0035 ~·933 00919 0.0229 000221

0.2,4 00765 00876 000483 0"

o. 0·537 00697 0 00691 0.0447

0010 0·326 0 057.5 0.0753 000.358

(Note~ the design advance ratio J is 0.406 for the model with
propeller; also, r< Rp when r/D~ 0.24)

A comparison of the measurements shows that the mean

veloeities are higher for the body with prope.l.l.er than without"

This is true when the radial position riD is wj.. thin. the propeller

r adf.us (r< Rp). The opposite effect is noticed when traversing
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radially a di stance greater than the propeller r adr.ue (r> Rp) . It

is also seen that the rIDS values are lower with the propulsor, which

indicates that the propulsor has a smoothing effect on the flowo

These rms results have agreed with previous work, and the turbulence

levels obtained peak to a maximum of 10 per cent» which was measured

on the bare body for riD:::: 0010 (Fig. 3-9). It Ls also to be noted

that the mean-ve.l.octty di.atribution increases in magnitude when

travers:ing radially outward from the body. This is expected because

the flow field is greatly influenced by the turbulent boundary

layer 7 which behaves 1n the same manner· This influence» which

varles inversely from the body outward into the free stream, is

negligible once the flow becomes potential.

It i s felt that the hi,gher mean velocities found with the

propul.aor are due to the streamlines being dr-avn into the 'body. The

propulsor produces this effect because it acts as a favorable

pressure gradient on the flowo

level and speeds up 'the flo'Wo

This,? thenJ reduces the turbulence

Hence, the thickness of the boundary

layer is decreased, and the regIon of potential flow is greater 0

These effects produced by the propeller are more readily

noted in the boundary-Layer profile than in the walte profile.

Figure 3,3 clearly i.llustrates the change in the flow as it paases

through the propulsor o The change in the flow is thought of as

being the decrease of the momentum deficit, which results from the

reaction of the turbulent boundary layer to the propeller.

Figure 34 shows the change in the momentum deficit at the

propeller inflow regiono The change here is less than that
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experienced by the flow as :It passes through the propulsoro

Figure 3,5 further i.llustrates the decreasing turbulence level as a

result of the smoother flow created by the propellero This figure

consists of the rms values for the boundary-layer profile shown tn

Fig. 34.

B. Effects of the Fins

The normalized power spectra j obtained by passing ·the

hot-wire signal through a wave analyzer and integrator, are shown in

Fig. 9· These spectra are for the model with a propeller at two

different locations of riD and e <> From Fi.g. 9 it is seen that;» in

each case chosen, the maximum amount of energy occurs i.n a range of

nondimensi.onal frequency W ~*IUoo, , which is the equi.valent of

70-80 cps 0 'I"he 1.argest amount of those shown occurs at the c.Iosesf

posftion to the body and midway between the fi.ns.

Associated with this energy are certain eddies produced by

the shed boundary layero As already shown by the Fourier Anal.ysis ll

the effects on the propeller are dim:ln:lshed as the radial distance

increases from the bodyo By noting the di.fferences between Fi.go 22

and Fi.g o 2309 and also from Table III,? it is apparent that.? as the

radial df.st.ance traversed exceeds the propeller r'adf.us J the

i,nfluence of the fin at the :t.nflow region becomes neg.Li.gi.b.l.e , Thi,s

was noted earlier when considering the region of potential flow

outsi.de the influence of the boundary layer. However» i.t is seen

that the flow is greatly influenced by the fins when traversing

withi.n a propeller radius of the 'body. The presence of the large

fourth harmonic close to the body (Fig. 22 j riD:;:;; 0.10 and 0017)
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gives an indication of the disturbance felt by the blade along its

span" Figure 23 shows that the blade would feel relatlvely no

disturbance along its span in the absence of flns" With this

knowledge, the propeller designer is able to account for the

unsteadiness and nonunlformlties encountered by the blades" Thus,

the response associated with the propeller-and-fi.o configurati.on i.s

subject to control"

C. Harmoni.c Content Close to Body Surface

It is of special interest to consider the harmonic content of

the flow field in a region close to the body which affects the

propeller. Figure 2, and the accompanying table, compare this

content at a value of riD = 0.10 for the cases of the body and fins~

with and without the propeller. From Table IV it is seen that the

magnltude of the domina.nt fourth harmonic is reduced. This occurs

because the inducti.on effects of the propeller reduce the lnfluence

of the turbulent boundary layer by smoothing the flow.



TABLE IV

COMPARISON OF HARMONIC CONTENT FOR THE STEADY MEAN-VELOCITY
PROFILE AT riD ::= 0.10 FOR THE BODY WITH FINS

75

Magnitude of the
Fourier Coefficient Modulus, en

n
Without

Propeller
With

Propeller

1 0001713 0.02330

2 0.04712 0.00794

3 0.02638 0.02340

4 0.14969 0.11000

5 0.02134 0002060

6 0.00846 0.00900

7 0.01378 0.00392

8 0.02340 0.01290

9 0·02001 0.01740

10 0001468 0.00818
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APPENDIX I

A METHOD FOR CONDUCTINGREF'ERENGE CHECKS ON THE ELECTRONIC

EQUIPMENT USED WITH THE HOT-WIRE ANEMOMETER

In theory, a calibration curve of output voltage versus

velocity should be a straight line. However, after a period of

time, due to the characteristics of the electronic equipmentg this

straight-line calibration curve could change 0 The following method

allowed the hot-wire output to be checked relative to that of a

pitot probe.

In a wind-tunnel facility, other than that being used for

testing, a cylinder was mounted normal to the flow and the hot-wire

and pitot probeswere positioned behind ito The pitot probe

establishes the mean values of the velocity fluctuations at various

tunnel speeds by producing a difference in height between two

mercury columns. From these pressure readings a curve was drawn

to obtain mean velocity versus tunnel speed j which shows the

response to the turbulence generator (cylinder). The hot~wi.re probe

was placed in relati.vely the same position, and its response was

recorded. Once the mean values of the velocity were established

with the pitot probe, any necessary changes were made on the basis

of this comparison to insure the proper response of the hot-w:i.re

probe.

Once it had been established that this hot-wire probe and i.ts



accompanying electronic equi~ment were functioning properly, the

probe was then switched to the electronics for the other probeo The

response of the reference probe in the other channel was observed

and necessary changes made on this channel to insure its correct

operation.

By means of this checking procedure, the hot-wire anemometer

was then used to obtain quantitative results of mean velocity

fluctuations and root-mean-square values of the turbulence level.



APPENDIX II

RESULTS OF CALCULATIONS FROM THE BOUNDARY""LAYER EQUATIONS

I I
OF VON K.A.RMAN AND POHLHAUSEN:; AND TRUCKENBRODT

By the method outlined in Chapter IV, the necessary

quantities associated with the laminar portion of the boundary layer

were obtained· On the basis of Fig. 31:; the transition point was

obtained satisfying equation 15. (These computations were made for

the body without fins or propeller.) Table 2-1 presents the

apprOXimation to the body found for the laminar displacement

thickness and associated quantities. These computations were

obtained with the aid of an IBM 1620 digital computer. As seen

from Fig. 31)1 the transition point occurs for 5 ::: 0.1245Jl which

corresponds to XI}, ::: o. Ill.

The associated quantities necessary for the remaining

computations are now found as functions of the transition po1nt~

R g~:- Rr.r,t =: 1290 (from Fig. 31)

c;f :::: 0.0033184 (for equation 2)

Cf:L :::: 0.00170 (for equation 3)

aIlk:,:: 1.034 (from Fig. 28)

HI ;: H -l:1 H ::: 1·322 (from £~ t1 s equation 14, and Reference 4)

L, =: 0.0805 (from Fig. 29)

ct~ :::: 0.1485 x 10-5 (from equation 3)

.R -= (C,*)~ 0.4863 x 10-23 (from equation 5)
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TABLE 2-1

APPROXIMATION TO ORIGINAL BODY BY LAMINAR DISPLACEMENT
THICKNESS FROM THE NOSE TO TRANSITION

(All dimensions are normalized with respect to the body lengtho)

x Yo

0000000 0.00000 0.00000 0000000 0.000000 0.000

000645 .00949 .00953 .00004 0000019 20100

002086 002324, 002331 .00070 .000035 2.000

.03674 003043 .03054 .00011 .000055 2.000

.05263 .0,3550 003564 .00014 .000069 2.000

.06852 .03935 .03952 .00017 0000085 2.000

.08425 004250 004270 .00020 .000100 20000

.10014 .04·525 .04547 .00022 .000125 1 0760

011100 .04668 004693 •00025 ,,000193 1·322

Note~ The last value :In each column is for the condition of
transltiono
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The constants associated with equations 13 and 14, which are

necessary for the calculation of the shape factorsK and A J are

given as (4)~

1
9072c =---.1

b =945_ -2.L
a - 315 J

and

-1
e:= 120 0

At transition) K and A were found to be 0.,016 and 1.2,

respectively.

Once these values at transition had been established)) it was

a relatively straightforward procedure to account for the turbulent

portion of the body" The use of equations 2 through 8 (secti,on IV)

gave succeae i.ve approximations for the df.sp.Lacement thickness,.

Table 2-I1 and Figs. 2-1a and 2-lb show these approximat:lons

for the displacement thickness and associated quantities. As before»

all quantities have been nondimension~lizedas those in Table 2-I,

wlth Yn being the nth approximation, n :=:: 1)2,3,4.
0* ~q

In add:Ltion to the theoretical predictions for o and V

directly, these quarrtLt i.ea were also found on the basis of

boundary-layer profiles at the probe location. In section III C

boundary layer profiles are shown, Fig. 20, and

some characteristic results of test measurements are sho'Wn~

S*" and V are

defined"

At the probe position Xli :::: 0·95, Sf' and 73 were

obtained from Fig o 34" without propeller, by a simple integration
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of this boundary-layer profile o The integration resulted in
C'~ __
() 0.00989,

V =: 0.00551,

and H := 1.80.

By interpolating the data from Table 2-II j the predicted values were

obtained~

S· =: 0.00935,

t} =: 0.00505,

J \By employing equation 1 (section IV) with n= 2 1(H ~ i) j

a boundary-layer profile is obtained that compares favorably wlth

the measured profile 0 Figure 2-2 shows this comparison between the

measured and predicted boundary layers at the probe position o

Figure 2~3 and 2-4 further illustrate the use of equation 1

for obtaining predicted boundary-layer profiles o These figures are

for the flow at a strut leading edge and at the location of the

propeller.

Note ~ The apparent "bu.l.ge tV in the dotted curve of Figo 2=2

shows that the flow is starting to reverse itself, which is an

indication that the separation point is at hando This effect is

also noticeable in the predi.cted curve of Fig 2-2, and in Figo 2-4,

Fhich appear as a tishallowness tV
, when compared with Figo 2-3J which

is a "fulln boundary-layer profile 0
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APPENDIX III

GRAPHICAL PRESENTATION OF THE EXPERJ:MEm:AL

MEASUREMENTS MADE IN THE BOUNDARY LAYER

The complete results of the hot-wire measurements are

presented in Figso 3-1 through 3-9· These results include the mean

velocity and rms velocity distribution as a function of

cf.r-cumf'er-entd.af angle of traverse 90 Each graph is for a different

value of riD for the test conditions of the body and fins both

with and without propeller- Figure 3-1 gives the mean velocity

distribution for all values of riD on one graph to show the overall

varf.ata.on with distance from the body" Table II was established on

the 'basis of the average values of these results.



1.
0

1~
1~ ..

0.
8'

> t- u o --
J

IJ
J > z <

{ IJ
J
~ > c <

{ W t en

o 3
6

0
3

2
0

r/
D

=
0

.3
5

2
8

0
2

4
0

2
0

0
16

0
12

0
8

0

A
N

G
LE

O
F

T
R

A
V

E
R

S
E

A
R

O
U

N
D

B
O

D
Y

I'
o

J
(d

eg
)

4
0

a

F
ig

.
3-

1
S

te
ad

y
M

ea
n

-V
el

o
ci

ty
D

is
tr

ib
u

ti
o

n
as

a
F

u
n

ct
io

n
o

f
R

ad
ia

l
D

is
ta

n
ce

fo
r

B
od

y
w

it
h

o
u

t
P

ro
p

e
ll

e
r

iB



1"
1~

8
l > f- u g

0
.6

I.1
J > > o <
t

I.1
J
~

0
.2

bt
.

W
IT

H
O

U
T

P
R

O
P

E
L

L
E

R

..
W

IT
H

P
R

O
P

E
L

L
E

R

o
4

0
80

12
0

16
0

20
0

2
4

0
2

8
0

3
2

0
0

'
,

,
I

,
,

,
,

I
I

I
,

,
,

,
,

,
,

,

3
6

0

A
N

G
L

E
O

F
T

R
A

V
E

R
S

E
A

R
O

U
N

D
B

O
D

Y
-

(d
e

g
)

F
ig

.
3

-2
S

te
ad

y
M

ea
n-

V
el

oc
it

y
D

is
tr

ib
u

ti
o

n
fo

r
ri

D
=

0.
35

'0 \>
I



0.
10

"I
e

=s
:::

>

~ >
0

.0
8

I- u o ..J W >
0.

06

w a:: « :::> o C
I) I Z « w ~

0
.0

2
I I o o a::

&
W

IT
H

O
U

T
P

R
O

P
E

L
L

E
R

A
W

IT
H

P
R

O
P

E
L

L
E

R

o 3
6

0
3

2
0

2
8

0
2

4
0

2
0

0
16

0
12

0
8

0
4

0
o

A
N

G
LE

O
F

T
R

A
V

E
R

S
E

A
R

O
U

N
D

B
O

D
Y

,..
,

(d
e

g
)

F
ig

.
3-

3
R

oo
t-

M
ea

n-
S

qu
ar

e
o
~

th
e

R
an

do
m

-V
el

oc
it

y
F

lu
c
tu

a
ti

o
n

s
fo

r
ri

D
;;

0·
35

'-
0 +
:-



1.
0

0
.8

I~
I~ .. >- ~

0
.6

u o ~ w > z
0

.4
« w ~ b ~

0
.2

t;;

A
W

IT
H

O
U

T
P

R
O

P
E

L
L

E
R

A
W

IT
H

P
R

O
P

E
L

L
E

R

o
3

6
0

3
2

0
2

8
0

2
4

0
2

0
0

16
0

12
0

8
0

4
0

o
A

N
G

L
E

O
F

T
R

A
V

E
R

S
E

A
R

O
U

N
D

B
O

D
Y

,.
.,

(d
eq

)

F
ig

.
3-

4
S

te
ad

y
M

ea
n

-V
el

o
ci

ty
D

is
tr

ib
u

ti
o

n
fo

r
ri

D
=

0.
24

\0 \J
l



0.
10

,
1

9
::::

:J:
::::

> ..
0

.0
8

>- t- U 9 ~
0

.0
6

w a:: <
!

:::::
>

(
3

(J
)

0
.0

4
I z <
! w ~ I t-

0
.0

2
o o a::

• 8

W
IT

H
P

R
O

P
E

L
L

E
R

W
IT

H
O

U
T

P
R

O
P

E
L

L
E

R

o 3
6

0
3

2
0

2
8

0
2

4
0

2
0

0
16

0
12

0
8

0
4

0
o

A
N

G
LE

O
F

T
R

A
V

E
R

S
E

A
R

O
U

N
D

B
O

D
Y

P
oJ

(d
eq

)

F
ig

.
3

-5
R

oo
t-

M
ea

n-
S

qu
ar

e
o

f
th

e
R

an
do

m
V

el
o

ci
ty

F
lu

c
tu

a
ti

o
n

s
fo

r
ri

D
::

0
.2

4

\0 0
\



1.
0

.. > t- U o -J I.L
J > Z ~ W ~ > o ~

0
.2

w t- en

A
W

IT
H

O
U

T
P

R
O

P
E

L
L

E
R

A
W

IT
H

P
R

O
P

E
L

L
E

R 4
0

2
8

0
2

4
0

2
0

0
16

0
12

0
8

0

A
N

G
L

E
O

F
T

R
A

V
E

R
SE

A
R

O
U

N
D

BO
D

Y
I
V

(d
e

q
)

3
2

0
o

'
,

,
I

,
I

I
I

,
,

I
,

,
I

•
,

,
•

,

3
6

0

F
ig

.
3-

6
st

ea
d

y
M

ea
n-

V
el

oc
it

y
D

is
tr

ib
u

ti
o

n
fo

r
ri

D
=

0
.1

7

\.
0

-1



> l- t.> o ...
J

W > W t:r
: « ~

0
.0

4
(f

) I Z « w :E I t o o 0::
::

A
W

IT
H

O
U

T
P

R
O

P
E

L
L

E
R

~
W

IT
H

P
R

O
P

E
L

L
E

R

0
3

6
0

3
2

0
2

8
0

2
4

0
2

0
0

16
0

12
0

8
0

A
N

G
LE

O
F

T
R

A
V

E
R

S
E

A
R

O
U

N
D

B
O

D
Y

",
(d

e
q

)

4
0

o

F
ig

.
3

-7
R

oo
t-

M
ea

n-
S

qu
ar

e
o

f
th

e
R

an
do

m
-V

el
oc

it
y

F
lu

c
tu

a
ti

o
n

s
fo

r
ri

D
::

;
0

.1
'7

\0 0:
>



1.
0

8
W

IT
H

O
U

T
P

R
O

P
E

L
L

E
R

•
W

IT
H

P
R

O
P

E
L

L
E

R

I::
JI~

0
.8

> t- U o ....
.J

W > z <
{ w ~ > C
l

<
{

W t C
J)

4
0

2
8

0
2

4
0

2
0

0
16

0
12

0
8

0

A
N

G
LE

O
F

T
R

A
V

E
R

S
E

A
R

O
U

N
D

B
O

D
Y

,..
"

(d
e

q
)

3
2

0
0

'
,

,
,

,
I

I
I

I
,

,
,

,
,

I
,

,
,

,

3
6

0

F
ig

.
3-

8
S

te
ad

y
M

ea
n

-V
el

o
ci

ty
D

is
tr

ib
u

ti
o

n
fo

r
ri

D
=

0
.1

0

\.0 \0



o
4

0
8

0
12

0
16

0

A
W

IT
H

O
U

T
P

R
O

P
E

L
L

E
R

A
W

IT
H

P
R

O
P

E
L

L
E

R

0.
10

-1
8

::J
:::

:>

~ >- l- t
) 0 -.
J W > W 0:
:: <3
:

::::> 0 en I z <3
:

W ~ J I- 0 0 0:
::

0
3

6
0

3
2

0
2

8
0

2
4

0
2

0
0

A
N

G
L

E
O

F
T

R
A

V
E

R
S

E
A

R
O

U
N

D
B

O
D

Y
'V

(d
e

g
)

F
ig

.
3-

9
R

oo
t-

M
ea

n-
S

qu
ar

e
o

f
th

e
R

an
do

m
-V

el
oc

it
y

F
lu

ct
u

at
io

n
s

fo
r

ri
D

=
0

.1
0

I--
J o o



Wl

The following figures are results of the cross correlations

obtained at representative distances of probe separation 0 These

cases are for the body with finso In Figs. 3-10 and 3-11 the

distance between the probes 1,S 0025 ino Figures 3-12 and 3-13 are

for a distance between probes of 509 in. These figures represent

the extreme cases of probe separation 0

In addition to these cross-correlation functions, their

associated cross-spectral densities are also shown. As before p

these were obtained by performing a Fourier transform of the

original functions 0 The cross-spectral densities are shown in

Figs. 3-14 through 3-21.
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